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Introduction
Extracellular fluid volume and osmolality are maintained by a steady-state balance between ingestion of water and electrolytes and their losses through respiration, sweat, faeces and, primarily, urine . For example, an increase in water intake is compensated by an increase in diuresis; conversely, an increase in water loss is counterbalanced by a higher water intake, so that the intra-and extracellular liquids are maintained within a narrow range of variation. Water intake, induced by thirst, is a behavioural reaction that re-establishes homeostatic levels of bodily fluids (Bourque, 2008) .
The effects of angiotensin II (Ang II) on thirst have been well known for decades (Epstein et al. 1970) . Among several downstream mediators of the renin-angiotensin system, angiotensin-(1-7) [Ang-(1-7)] has attracted attention because of its properties in antagonizing the most important actions of Ang II. Angiotensin-(1-7) is produced directly from Ang II by the action of type 2 angiotensin-converting enzyme (ACE2) or indirectly from angiotensin I and acts through the MAS receptor (Chappell et al. 2014) . Angiotensin-converting enzyme and MAS receptors are widely distributed in the forebrain structures involved with neuroendocrine, autonomic and behavioural control of hydromineral balance (Block et al. 1988; Becker et al. 2007; Doobay et al. 2007) . Few studies have assessed the relationship between Ang-(1-7) and bodily fluid control. Most of these studies demonstrated that water and salt intake are not altered by diencephalic (Fitzsimons, 1971) or intracerebroventricular (I.C.V.) Ang-(1-7) microinjection in basal conditions (Swanson et al. 1973; Cooney & Fitzsimons, 1993; Mahon et al. 1995) or when associated with Ang II (Swanson et al. 1973; Cooney & Fitzsimons, 1993) . Additionally, I.C.V. Ang-(1-7) did not change vasopressin (AVP) release in basal conditions in rats (Mahon et al. 1995) , despite inducing AVP release in rat hypothalamus-pituitary explants (Schiavone et al. 1988) .
Dehydration is a challenge that induces hypovolaemia and hyperosmolality, inducing thirst and AVP secretion . Botelho et al. (1994) demonstrated that water deprivation significantly increases plasma Ang-(1-7), which motivated us to question whether Ang-(1-7) is involved in neuroendocrine responses induced by hyperosmolality. Therefore, we investigated the role of Ang-(1-7) in the dipsogenic response and vasopressin release induced by hyperosmolality in rats. Furthermore, we assessed the influence of water deprivation on Ace2 and Mas gene expression in the subfornical organ (SFO), paraventricular nucleus (PVN) and supraoptic nucleus (SON).
Methods
Ethical approval. All procedures were approved by the Federal Rural University of Rio de Janeiro ethics committee (protocol no. 001/2014) and were in accordance with current Brazilian legislation and the Guide for the Care and Use of Laboratory Animals (8th edition; US National Institutes of Health, 2011).
Animals. Male Wistar rats (ß75 days old) were obtained from the animal facility of the Federal Rural University of Rio de Janeiro and housed in collective boxes (four animals each) with 12 h-12 h light-dark cycle, 22 ± 2°C temperature and ad libitum access to water and chow. The control group had free access to water; in the water deprivation (WD) group, water was removed for 24 h, and in the salt-loading (SL) group, the only fluid available was 1.8% NaCl solution for 24 h.
Stereotaxic surgery and microinjection procedure.
Animals weighing 288.3 ± 4.7 g were used for stereotaxic procedures. They were anaesthetized with ketamine (Rhobifarma, Hortolândia, SP, Brazil) and xylazine (Vetbrands Saúde Animal, Paulínea, SP, Brazil) (75 and 25 mg kg −1 , respectively, I.P.) and placed in a stereotaxic device for cannula implantation (inox steel, 12 mm length, 0.6 mm external diameter). The cannula was inserted into the left lateral ventricle, according to the following co-ordinates: 0.5 mm posterior to bregma, 1.4 mm lateral from the mid-line and 3.8 mm down from the skull (Paxinos & Watson, 2005) . After surgery, a single dose of ketoprofen (Vencofarma do Brasil, Londrina, PR, Brazil) (3 mg kg −1 , S.C.) and veterinary pentabiotic [0.1 ml (100 g) −1 , I.M.] (Fort Dodge, Campinas, SP, Brazil) were used in order to ensure proper post-surgery recovery.
Experiments were conducted 5-6 days after surgery, whereby animals were carefully contained for microinjections of vehicle (0.9% NaCl) or Ang-(1-7) (3 nmol, per rat) in a volume of 3 μl, administered throughout 30-60 s. For I.C.V. administration, a 10 μl Hamilton syringe connected to a polyethylen PE-10 tube and a gingival needle were used. To verify cannula placement, a post-mortem microinjection of Evans Blue (1%) was carried out, and the brain was removed and sliced for confirmation of the microinjection site; only data obtained from animals in which Evans Blue was well distributed in the ventricles were used for statistical analyses.
Fluid intake in response to Ang-(1-7). To assess water and hypertonic saline intake, after 2-3 days of recovery from stereotaxic surgery, animals were housed in metabolic cages with water, chow and hypertonic saline (1.8% NaCl) ad libitum for 3 days of adaptation. Next, animals were randomly divided into control, WD or SL groups that received I.C.V. vehicle or Ang-(1-7) administration (n = 62; five rats were excluded because of incorrect cannula placement). After I.C.V. microinjections, water and hypertonic saline were offered. Water and hypertonic saline intake were measured 2 h after reintroduction of fluids.
Brain collection and plasma assessment. Animals (n = 16) were submitted to control or WD protocols and killed by decapitation. Anaesthesia changes AVP release (Reed et al. 2009 ) and PVN neuronal activity (Tanaka et al. 1989) . To avoid changes caused by anaesthetic agents, decapitation was carried out in awake animals. Previous studies have demonstrated that anaesthesia does not change the EEG responses after decapitation (van Rijn et al. 2011) , which suggests that both are equally humane methods of killing. The blood was collected from the trunk in tubes with heparin [10 μl (ml blood)
−1 ] for plasma collection or in microhaematocrit tubes for haematocrit (centrifuged at 360 g for 5 min). For the determination of osmolality, 10 μl of plasma was used in an osmometer (OSMETTE II TM , model 5005 C ; Precision Systems Inc. Natick, MA, USA). The brains were removed from the skull, immediately frozen in dry ice and stored at −80°C. Next, brains were sliced (60 μm thickness) using a cryostat (Leica Microsystems CM1850 Cryostat). A 1-mm-diameter micropunch needle was used to collect the SFO, SON and PVN. Thereafter, slices were stained with Toluidine Blue (0.1%), and the punch location was confirmed in a light microscope, as previously described (Konopacka et al. 2015) . Brains with incorrect dissection of the nuclei were not used in the study. The SON and PVN were then stored in QIAzol R Lysis Reagent (Invitrogen, Carlsbad, CA, USA) for posterior extraction and PCR analysis (PVN control, n = 7; PVN WD, n = 5; SON control and WD, n = 8; SFO control and WD, n = 7).
Real-time PCR. Total RNA was obtained using the RNeasy Mini Kit (Qiagen Ltd, Crawley, UK). Reverse transcription into cDNA was performed using 250 ng of total RNA using Quantitec Reverse Transcription Kit (Qiagen Ltd). Real-time PCR was carried out using a QuantStudio TM 3 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA), with 2 min at 50°C, followed by 10 min at 95°C, then 40 cycles of 15 s at 95°C followed by 1 min at 60°C. Samples that did not amplify in the same cycle were excluded. The probes for rat Avp (Rn00566449 m1), Ace2 (Rn01416293 m1), Mas (Rn00562673 s1) and Gapdh (Rn99999916 s1) were purchased from TaqMan R Gene Expression Assays (Applied Biosystems, Waltham, MA, USA). Gapdh mean cycle threshold (C T ) values were not different between groups, thus GAPDH was used as the housekeeping gene. The level of the target transcripts was calculated using the C T method (Livak & Schmittgen, 2001 ). The relative gene expression is presented as the fold change in relationship to the control group.
Hormone assessment. After stereotaxic surgery, the animals (n = 50; 44 after cannula confirmation) were allowed to recover for 5-6 days and then submitted to control or WD protocols and, subsequently, microinjected with vehicle or Ang-(1-7) as described above. After 20 min, animals were killed by decapitation, blood was collected from the trunk in heparin tubes, and plasma was obtained by centrifugation. Vasopressin was extracted and the specific radioimmunoassays were performed using a specific AVP antibody (Bachem, USA; T4561) as described by Husain et al. (1973) . Assay sensitivity and intra-and inter-assay variations were 0.12 pg ml −1 , 4.9% and 4.3%, respectively.
Statistical analysis. All data are described as the mean (SD). Normality of the data was assessed with Shapiro-Wilk test. Plasma AVP concentrations were compared with two-way ANOVA and Bonferroni post hoc analysis. For all other analyses, a two-tailed Student's unpaired t test was carried out. All differences were considered significant when P < 0.05. Graphpad Prism V7.0 (La Jolla, CA, USA) software was used for all statistical analyses.
Results
The effects of Ang-(1-7) on fluid intake were assessed in three different conditions for 2 h (n = 57; control vehicle and control Ang-(1-7), n = 7; WD vehicle, n = 12; WD Ang-(1-7), n = 11; and SL vehicle and SL Ang-(1-7); n = 10). In the euhydrated rats, Ang-(1-7) did not affect water (P = 0.41; Fig. 1A ) or sodium intake (P = 0.34; Fig. 1D ). After 24 h of WD, Ang-(1-7) increased water intake (P = 0.012; Fig. 1B ) and did not change sodium intake (P = 0.47, Fig. 1E ). Likewise, after 24 h SL, Ang-(1-7) increased water intake (P = 0.008; Fig. 1C ) and did not change sodium intake (P = 0.59; Fig. 1F ). These data indicate that a previous osmotic stimulus is necessary for Ang-(1-7) to influence water intake. Given that the increase in water intake achieved by Ang-(1-7) microinjection was similar in WD (57%) and SL groups (47%), WD was used for further experiments because it represents a more physiological stimulus found in nature.
As expected, dehydration induced by water deprivation was evidenced by increases in haematocrit and plasma osmolality and a decrease in body weight in the water-deprived animals (Table 1) . Therefore, we used the WD protocol to evaluate Ace2 and Mas mRNA expression in the brain nuclei that mediate the responses to osmotic stimuli. In the SFO, expressions of Ace2 and Mas were not altered by water deprivation (respectively, P = 0.51, n = 7/7, Fig. 2A ; and P = 0.87, n = 6/7, Fig. 2B ). In R. C. dos-Santos and others the PVN, WD did not change Ace2 expression (P = 0.93, n = 6/5, Fig. 2C ) but increased Mas expression (P = 0.04, n = 6/5, Fig. 2D ). Similar results were observed in the SON, wherein WD did not change Ace2 expression (P = 0.36, n = 6/8, Fig. 2F ) and increased Mas expression (P = 0.014, n = 5/8, Fig. 2G ). The increase in Avp mRNA in the PVN (P = 0.019, n = 7/5, Fig. 2E ) and SON (P = 0.003, n = 8/8, Fig. 2H ) is an indicator of the accuracy of the micropunch technique.
Given that MAS receptor increased in both the PVN and SON (nuclei that control AVP secretion after water deprivation), we assessed the influence of Ang-(1-7) on plasma concentrations of AVP in basal conditions and during water deprivation (n = 40; control vehicle and control Ang-(1-7), n = 7; WD vehicle, n = 14; and WD Ang-(1-7), n = 12). Water deprivation significantly increased plasma AVP concentrations both in vehicle-treated (P < 0.001) and Ang-(1-7)-treated (P < 0.001) animals. However, Ang-(1-7) did not alter AVP release in the control (P = 0.99) or WD groups (P = 0.99) (Fig. 3) .
Discussion
Although the participation of Ang II in the regulation of thirst and vasopressin secretion is well known , the contribution of Ang-(1-7) to these responses has scarcely been studied. In this study, I.C.V. microinjection of Ang-(1-7) was not capable of altering water and hypertonic saline intake in basal conditions, as has been demonstrated previously (Cooney & Fitzsimons, 1993; Mahon et al. 1995) . In other contexts, it has already been demonstrated that the effects of Ang-(1-7) are more prominent after a challenge to homeostasis, such as hypertension (Dobruch et al. 2003; Cerrato et al. 2012) . In this sense, we assessed whether thirst induced by a physiological challenge (water deprivation) is regulated by Ang-(1-7). After water deprivation, Ang-(1-7) increased
Water intake (ml/2 h) Water intake (ml/2 h) Water intake (ml/2 h) NaCl 1.8% intake (ml/2 h) NaCl 1.8% intake (ml/2 h) NaCl 1.8% intake (ml/2 h) 1-7) did not affect water intake in basal conditions (A), but it significantly increased water intake after osmotic stimulation by water deprivation (B) or salt loading (C). D-F, NaCl intake was not affected by I.C.V. Ang-(1-7) in the studied conditions. * P < 0.05 versus vehicle (unpaired, two-tailed, Student t-Test) . Control vehicle and control Ang-(1-7), n = 7; WD vehicle, n = 12; WD Ang-(1-7), n = 11; and SL vehicle and SL Ang-(1-7), n = 10).
water intake, with no changes in hypertonic saline intake. Thus, this peptide seems to potentiate thirst induced by dehydration. Although the effects of Ang-(1-7) generally oppose those of Ang II (Chappell et al. 2014) , in the brain Ang-(1-7) is capable of actions that are similar to Ang II, such as increasing blood pressure when injected into the rostroventrolateral medulla (Santos et al. 2003; Alzamora et al. 2006) and decreasing blood pressure when injected into the caudal rostral ventrolateral medulla (Alzamora et al. 2002 (Alzamora et al. , 2006 or nucleus of the solitary tract (Cheng et al. 2012) .
The lack of difference in NaCl intake observed in the present study suggests that the effects of Ang-(1-7) are restricted to water intake induced by dehydration but are not seen in salt appetite developed in this protocol.
Water deprivation is a classic physiological challenge that increases plasma osmolality and Ang II , and these two variables are involved in inducing thirst (De Luca et al. 2010) . Thirst induces water intake, which replenishes intracellular fluid but is not sufficient to recover extracellular fluid. After recovery of intracellular fluid, sodium appetite increases because sodium intake is conditional for re-establishment of extracellular fluid (De Luca et al. 2010) . To assess whether an increased dipsogenic response to Ang-(1-7) is mediated by increased peripheral Ang II, salt-loading experiments were carried out, because plasma osmolality is higher in animals submitted to salt loading than in water-deprived animals, while plasma Ang II production is inhibited . Therefore, thirst induced by the salt-loading protocol is mediated by hyperosmolality rather than plasma Ang II. Our data demonstrate that I.C.V. Ang-(1-7) increases water intake after salt loading, a response similar to that elicited by water deprivation. These results indicate that the effects of Ang-(1-7) on water intake may be achieved by osmotic stimuli independent of increased Ang II. Therefore, the ACE2/Ang-(1-7)/MAS axis potentiates osmotic thirst induced by hyperosmolality after both water deprivation and salt loading. The present study is the first to assess the effects of Ang-(1-7) on thirst induced by hyperosmolality. Given that both stimuli achieved similar results, and the physiological environment of water deprivation is closer to homeostatic challenges found in nature, water deprivation was used for the remainder of the experiments. As expected, 24 h water deprivation increased haematocrit, plasma osmolality and AVP (De Luca et al. 2010; Greenwood et al. 2015) . The presence of ACE2 (Doobay et al. 2007 ) and MAS receptors (Becker et al. 2007; Freund et al. 2012) in several brain regions related to cardiovascular and hydroelectrolytic regulation indicates that Ang-(1-7) might be an important player in the modulation of integrative neuroendocrine control of hydromineral balance. Circumventricular organs, such as the SFO, are the primary site of action for the peripheral renin-angiotensin system and osmolality to induce thirst . Water deprivation increases plasma concentrations of both Ang II and Ang-(1-7) (Botelho et al. 1994; Greenwood et al. 2015) ; thus, we hypothesized that the MAS receptor, like the Ang II type 1 (AT 1 ) receptor (Cancelliere & Ferguson, 2017) , might also play a role in the SFO with respect to responses to water deprivation. Our study demonstrated that Ace2 and Mas receptor genes are expressed in the SFO. Nonetheless, this expression is not changed by water deprivation. Our results also demonstrated that water deprivation increases MAS receptor gene expression in the SON and PVN. Although changes in mRNA expression do not necessarily mean changes in protein expression, these data indicate the possibility of increased MAS receptor expression in these nuclei, which corroborates the hypothesis that physiological challenge or physiopathological conditions are important to enable the action of Ang-(1-7) (Dobruch et al. 2003; Cerrato et al. 2012) .
The PVN and SON magnocellular neurons send efferent projections that release AVP into the circulation through the neurohypophysis. In the context of hyperosmolality, these magnocellular neurons are stimulated to secrete AVP that, through the circulation, reaches the kidneys to increase water reabsorption . During water deprivation, osmolality is increased so that, consequently, plasma concentrations of AVP are elevated (Verney, 1947) .
As the SON and PVN are the main brain nuclei responsible for the production and secretion of AVP, and MAS receptor expression increases in both the SON and the PVN after water deprivation, we decided to investigate the effects of I.C.V. Ang-(1-7) on AVP release in control or water-deprived rats. Our results demonstrated that plasma concentrations of AVP were not altered by I.C.V. microinjection of Ang-(1-7) in both basal and water-deprived groups. Therefore, Ang-(1-7), although able to potentiate thirst, is possibly not involved with AVP release in euhydrated and dehydrated rats.
Previous studies have assessed the plasma concentrations of AVP after Ang-(1-7) administration either in basal conditions (Mahon et al. 1995) or in in vitro preparations (Schiavone et al. 1988 ) and observed, respectively, no effect or increased secretion of AVP. These findings indicate that Ang-(1-7) possibly acts in other nuclei that control water intake or in parvocellular, rather than magnocellular, PVN neurons. Indeed, bilateral microinjections of an MAS antagonist in the PVN influence blood pressure (Silva et al. 2005) , which suggests that MAS receptors are expressed in parvocellular neurons. MAS receptors have been demonstrated in areas related to motivational behaviours, such as the amygdala and the habenula (Freund et al. 2012) , and in portions of the medulla, such as the nucleus of the solitary tract and the rostral ventrolateral and caudal ventrolateral medulla (Becker et al. 2007; Freund et al. 2012) . Nevertheless, this increase in MAS receptor expression after water deprivation possibly modulated the consequent behavioural response. Therefore, further studies are necessary to elucidate the nuclei in which Ang-(1-7) acts to influence drinking behaviour elicited by osmotic stimuli and directly demonstrate changes in MAS expression with other techniques, such as Western blotting. The increase in AVP gene expression in the SON and PVN after water deprivation was an indicator of the effectiveness of the micropunch technique, specifically in removing these nuclei, as previously described (Konopacka et al. 2015) .
In conclusion, contrary to previous observations (Cooney & Fitzsimons, 1993; Mahon et al. 1995) , Ang-(1-7) influences thirst. However, it seems to occur only after an osmotic challenge and independent of the ACE/Ang II/AT 1 receptor axis. Increased plasma osmolality is sufficient to induce thirst and water intake after water deprivation and salt loading; this increase is potentiated by Ang-(1-7), which suggests a synergistic action between this peptide and hyperosmolality in the thirst response. Additionally, water deprivation increases Mas mRNA expression in the SON and PVN and possibly in other brain nuclei involved in the control of thirst, enabling the action of Ang-(1-7) in potentiating water intake.
